Spliceostatin A (SSA) is a methyl ketal derivative of FR901464, a potent antitumor compound isolated from a culture broth of Pseudomonas sp. no. 2663. These compounds selectively bind to the essential spliceosome component SF3b, a subcomplex of the U2 snRNP, to inhibit pre-mRNA splicing. However, the mechanism of SSA's antitumor activity is unknown. It is noteworthy that SSA causes accumulation of a truncated form of the CDK inhibitor protein p27 translated from CDKN1B premRNA, which is involved in SSA-induced cell-cycle arrest. However, it is still unclear whether pre-mRNAs are uniformly exported from the nucleus following SSA treatment. We performed RNA-seq analysis on nuclear and cytoplasmic fractions of SSA-treated cells. Our statistical analyses showed that intron retention is the major consequence of SSA treatment, and a small number of intron-containing pre-mRNAs leak into the cytoplasm. Using a series of reporter plasmids to investigate the roles of intronic sequences in the pre-mRNA leakage, we showed that the strength of the 5 ′ splice site affects pre-mRNA leakage. Additionally, we found that the level of pre-mRNA leakage is related to transcript length. These results suggest that the strength of the 5 ′ splice site and the length of the transcripts are determinants of the pre-mRNA leakage induced by SF3b inhibitors.
INTRODUCTION
Most genes in higher eukaryotes contain introns, which are intervening sequences found between protein-coding regions known as exons. Introns are removed and the exons that flank them are joined together to become mature mRNAs that form templates for protein translation (Dreyfuss et al. 2002) . The splicing reaction is carried out by the spliceosome, a macromolecular ribonucleoprotein complex, containing small nuclear RNAs (snRNAs) and more than 200 proteins (Jurica and Moore 2003; Cvitkovic and Jurica 2013) .
The spliceosome consists of five major components: U1, U2, U4, U5, and U6 small nuclear ribonucleoprotein particles (snRNPs). To begin, U1 snRNP recognizes the 5 ′ splice site, which is the 5 ′ end of the intron. The U2AF complex binds to both the 3 ′ splice site, which is the 3 ′ end of the intron, and the polypyrimidine tract, a pyrimidine-rich region just upstream of the 3 ′ splice site. In addition to these factors, SF1 binds to the branch point sequence (BPS), which is located 18-40 nucleotides (nt) upstream of the 3 ′ splice site to form complex E. SF1 is replaced by U2 snRNP to form complex A before U4/U6•U5 tri-snRNPs bind to the complex to form complex B. Following subsequent conformational changes, the catalytically active complex named complex C is formed and the splicing reaction can now be carried out (Wahl et al. 2009) .
Splicing is an essential cellular function required to maintain the integrity of gene expression. If pre-mRNAs with introns are translated into proteins, truncated and deleterious proteins will be produced since intron sequences harbor a large number of termination codons. Therefore, cells have several mechanisms for preventing pre-mRNA translation. For instance, in the budding yeast Saccharomyces cerevisiae, Mlp1 localizes to the nuclear pore complex to prevent premRNA export from the nucleus (Galy et al. 2004 ). The retention and splicing complex binds to the SF3b complex, which is a component of U2 snRNP, and has a role in nuclear retention of pre-mRNA (Dziembowski et al. 2004; Wang et al. 2005) . SF1 is also involved in nuclear retention of premRNA in yeast (Rutz and Seraphin 2000) . In the cytoplasm, nonsense-mediated decay (NMD) is responsible for degrading pre-mRNAs containing premature termination codons (PTCs) that are leaked into the cytoplasm to prevent the production of truncated proteins (Kurosaki and Maquat 2016) . Spliceostatin A (SSA) is a chemically stable, methylated derivative of FR901464, an anticancer bacterial metabolite (Nakajima et al. 1996a (Nakajima et al. ,b, 1997 . SSA binds to the SF3b complex and inhibits splicing in vivo and in vitro (Kaida et al. 2007 ). Another SF3b inhibitor, a pladienolide derivative, has been studied clinically as an anticancer agent (Kotake et al. 2007; Eskens et al. 2013) . However, it is still unknown how splicing inhibitors induce selective anticancer activity. In addition to inhibiting splicing, SSA has also been shown to affect transcription and premRNA leakage (Kaida et al. 2007; Brody et al. 2011; Kim et al. 2011; Martins et al. 2011; Schmidt et al. 2011; Takemura et al. 2011; Koga et al. 2014 Koga et al. , 2015 , presumably due to splicing inhibition. Indeed, pre-mRNA of CDKN1B, which encodes the cyclin-dependent kinase inhibitor p27, was shown to leak from the nucleus and be translated into the truncated protein designated as p27 * in SSA-treated cells. This finding raised the intriguing possibility that biologically active truncated proteins are involved in the anticancer activity of SF3b inhibitors. However, there is no information regarding the types of premRNAs that leak into the cytoplasm following SSA treatment. In addition, there has been no genome-wide study on splicing patterns that may be changed by SSA.
Here we report the first global analysis of pre-mRNAs in the presence of SSA. SSA treatment caused widespread intron retention but did not significantly alter frequencies of exon skipping, alternative splice site usage, and mutually exclusive exon inclusion. We also found that a limited number of pre-mRNAs leaked into the cytoplasm during SSA treatment. Moreover, the leaked pre-mRNAs are relatively short and associate with weak 5 ′ splice sites. These results suggest that SSA treatment induces the selective leakage of a particular subset of pre-mRNAs.
RESULTS

SSA treatment causes intron retention
To investigate the global effect of SSA treatment on splicing, we treated HeLa S3 cells with 100 ng mL −1 of SSA for 6 h before fractionation of the cells into cytoplasmic and nuclear fractions. RNA samples were purified from each fraction. Successful fractionation was determined by assessing the distribution of U6 snRNA and 5.8S rRNA (Fig. 1A) . To verify FIGURE 1. SSA treatment causes intron retention. (A) Northern blots performed on RNA isolated from nuclear and cytoplasmic fractions of SSA-treated cells (100 ng mL −1 , 6 h). MeOHtreated cells were used as an experimental control. Probes against U6 snRNA and 5.8S RNA were used specifically to detect endogenous RNA. (B) RT-PCR analysis of VEGFA pre-mRNA from SSA-treated cells (100 ng mL −1 , 6 h). RT-PCR analysis was performed using specific primers against VEGFA pre-mRNA and spliced mRNA. (C) The summary of RNA-seq analysis for alternative splicing. Five representative alternative splicing patterns are depicted. The numbers of statistically significant (FDR < 0.05) splicing pattern changes after SSA treatment are indicated on the right. The numbers of total splicing events are indicated in parenthesis. (D) Ratio of the SSA-induced change in splicing pattern to total alternative splicing events of the data in C. (E) Venn diagram shows the number of introns, the level of which was increased by SSA. The numbers of introns that accumulated only in the nuclear fraction (539 events), only in the cytoplasmic fraction (63 events), and in both (24 events) were all counted.
that SSA inhibits splicing, we measured the amount of spliced and unspliced forms of VEGFA mRNA. We determined that the level of the unspliced form increased strongly while the spliced form was almost completely eliminated in comparison ( Fig. 1B ; Furumai et al. 2010) . Using these RNA samples, we investigated all splicing events that might occur in both SSA-treated and untreated control cells using RNA-Seq.
We classified the alternative splicing events that were observed in both types of cells into five categories (Fig. 1C , numbers in parentheses). We also statistically analyzed the frequency of the splicing pattern changes upon SSA treatment (Fig. 1C,D) . Alternative splicing events that occurred after SSA treatment more or less frequently than control were counted as the changed splicing pattern (Fig. 1C , numbers). Although exon skipping was the most frequently observed in total (13,075 cases in the nucleus and 20,439 cases in the cytoplasm), only 16 cases in the nucleus and 12 cases in the cytoplasm out of them were affected by SSA treatment (Fig. 1C,D) . In addition, SSA barely affected other alternative splicing patterns, including alternative 5 ′ splice site selection, alternative 3 ′ splice site selection, and splicing of mutually exclusive exons. In contrast, SSA treatment affected intron retention most frequently (572 cases out of 2789 cases in the nucleus; 88 cases out of 1246 cases in the cytoplasm) (Fig. 1C,D) . Among these, the abundance of 563 introns in the nucleus and 87 introns in the cytoplasm was increased, consistent with the initial finding that SSA is a general splicing inhibitor (Kaida et al. 2007 ). Hereafter, we refer to "intron-retained pre-mRNAs" as "pre-mRNAs."
The majority of the introns that were increased by SSA treatment were observed only in the nucleus (Fig. 1E, Nuc) . In some cases, however, a remarkable increase in cytoplasmic introns following SSA treatment was observed without showing any increase in nuclear introns (Fig. 1E, Cyto) . In addition, intron species that increased in both the fractions upon SSA treatment were categorized as pre-mRNAs increased in both (Fig. 1E, Both) . Importantly, only a small number of premRNAs with retained introns, including CDKN1B and NFKBIA as reported previously (Kaida et al. 2007 ), increased in abundance in the cytoplasm following SSA treatment, suggesting that only a subset of pre-mRNAs leak from the nucleus in SSA-treated cells (Supplemental Table S1 ). We also performed gene ontology enrichment analysis and found that mRNA species in the Cyto category were different from those in the Nuc category (Tables 1, 2) . If the leakage is the consequence of contamination of the Cyto fraction by the Nuc pre-mRNAs during the fractionation steps, similar premRNA species should be enriched in both fractions. Therefore, this result also supports that only a subset of premRNAs leak from the nucleus in SSA-treated cells.
SSA causes gene-specific leakage of pre-mRNA
To verify intron retention in SSA-treated cells, we performed RT-PCR to detect both the spliced and unspliced forms of selected genes. We thereby confirmed that some introns that showed no intron retention according to the RNA-seq analysis also did not exhibit intron retention according to RT-PCR in the presence of SSA ( Fig. 2A) . These pre-mRNAs may be degraded very quickly or their splicing may be resistant to SSA. The pre-mRNAs of several genes were detected even in the nuclei of control cells, presumably due to a time lag between transcription and splicing (Fig. 2B,  DUSP1 ). In addition to intron retention events observed in the nucleus of untreated control cells, we observed a remarkable accumulation of intron-containing pre-mRNAs in SSAtreated cells (Fig. 2B-D) . The pre-mRNAs of several genes were localized to both the cytoplasm and nucleus (Fig. 2B , C), while other pre-mRNAs were observed only in the nucleus following SSA treatment (Fig. 2D) , suggesting that the leakage of pre-mRNAs from the nucleus caused by SSA occurs in a gene-specific manner.
We also found that susceptibility to splicing inhibition varies among genes and even among introns within a single premRNA. For example, all the introns in DUSP1 accumulated Negative regulation of RNA metabolic process (9/49) 3.6 × 10
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following SSA treatment, whereas none of the introns in GAPDH were affected by SSA treatment (Supplemental Fig.  S1 ). Intron 1 of NFKBIA was not affected, whereas the other introns of this gene accumulated upon SSA treatment (Supplemental Fig. S1 ). Presumably, the strength of splicing sites in each intron affects splicing pattern changes after SSA treatment. In addition, we found that the total transcript level (i.e., spliced plus unspliced) of some genes, including NFKBIA, was apparently up-regulated (Fig. 2 ). This could be caused by transcriptional up-regulation caused, in turn, by the activation of the NFkB pathway by SSA (Khan et al. 2014 ).
Effects of BPS and splice sites on splicing efficiency and pre-mRNA leakage
Among the intron-retained species up-regulated in the presence of SSA, most of the pre-mRNAs were localized in the nucleus and only a part of the population was leaked into the cytoplasm (Figs. 1E, 2). To find the significant characteristics differentiating leaked pre-mRNAs and nuclear-retained pre-mRNAs, we separated pre-mRNAs into those increased only in the nucleus (Nuc-retained) and increased only in the cytoplasm, or in both the cytoplasm and the nucleus (Leaked). Next, we first investigated whether the strength of the BPS affects splicing efficiency and pre-mRNA leakage, because SSA binds to the SF3b complex, which affects BPS recognition by the U2 snRNP (Corrionero et al. 2011) .
We predicted the location of the BPS within the increased introns following SSA treatment (Fig. 1E ) before calculating the strength of the predicted BPSs using the SVM-BP program, and compared the values with those of introns in UCSC RefGene (Corvelo et al. 2010) .
As expected, accumulated introns in the presence of SSA have relatively weak BPSs compared to RefGene introns (Fig. 3A , RefGene intron vs. pre-mRNA). This observation suggests that the strength of the BPS affects the sensitivity of the splicing machinery to SSA. In contrast, the BPS scores of the nuclear-retained introns were almost the same as those of the leaked ones. Even when the strength of experimentally determined BPS (Mercer et al. 2015) was used for the statistical analysis, there was no correlation between the strength of BPSs and pre-mRNA leakage (Supplemental Fig.  S2A ). These observations suggest that the strength of the BPS is not always involved in the nuclear retention of premRNA (Fig. 3A) . Next, we tested whether the strength of the 5 ′ and 3 ′ splice sites is involved in the splicing efficiency and nuclear retention of pre-mRNA upon SSA treatment. Pre-mRNAs that harbor relatively weaker 5 ′ splice sites were enriched in leaked pre-mRNA in SSA-treated cells, suggesting that the 5 ′ splice site is involved in pre-mRNA leakage (Fig. 3B) . In contrast, 3
′ splice sites of leaked pre-mRNA were not weaker but slightly stronger than those of nuclear retained pre-mRNA (Fig. 3C) .
To verify the effect of the BPS and 5 ′ splice site on splicing efficiency and pre-mRNA leakage, we constructed six reporter CDKN1B plasmids with modified BPSs and/or the 5 ′ splice site ( Fig. 3D ; Kaida et al. 2007 ). The BPS of the CDKN1B reporter gene is TTCTAAT (wild-type; WT). We changed this sequence to either TTCTAGA to weaken the BPS (mutant; BPS mut), or to TACTAAC, which is the same as the BPS FIGURE 2. SSA causes pre-mRNA leakage in a gene-specific manner. (A-D) HeLa S3 cells were treated with SSA (100 ng mL −1 , 6 h) and the cells were disrupted and separated into cytoplasmic and nuclear fractions. RNA samples were purified from the fractions. RT-PCR analysis was performed using the RNA samples to detect spliced and unspliced forms of the genes, of which premRNAs were not affected by SSA (A), accumulated only in the cytoplasm (B), accumulated in both fractions (C), and accumulated only in the nucleus (D). Open triangles indicate spliced mRNA, while the filled triangles indicate pre-mRNA. Asterisk indicates nonspecific bands.
in budding yeast (yeast BPS) (Berglund et al. 1997) . The yeast BPS is complementary to the sequence of the BPS base-paring site in U2 snRNA and should bind to U2 snRNA more strongly (Berglund et al. 1997) . We also introduced a point mutation in the 5 ′ splice site (GTA to GTC) to abolish the 5 ′ splice site function (5 ′ SS mutant; 5 ′ SS mut). In these reporter constructs, a DNA sequence encoding the 2× HA tag was inserted just upstream of the inframe stop codon in the intron, while another DNA sequence encoding the Myc tag was inserted just upstream of the canonical stop codon. If the spliced form is translated, the Myc-tagged protein will be observed. In contrast, if the unspliced form leaks into and is translated in the cytoplasm, the HA-tagged protein will be generated. First, we investigated the splicing efficiency of these reporter constructs in SSA-treated and untreated control cells by RT-PCR. We transfected HEK293T cells with the reporter plasmids before treating the transfected cells 18 h later with 100 ng mL
SSA for 6 h. Following SSA treatment for 6 h, the abundance of the unspliced form had increased, suggesting that SSA treatment inhibits the splicing reaction of the reporter gene (Fig. 3E, WT) . The spliced form remaining in the SSA-treated cells may be transcribed and spliced before SSA treatment. Since no spliced form of the constructs containing the mutation at the 5 ′ splice site was observed even in the absence of SSA, the 5 ′ splice site mutation appeared to completely suppress splicing (Fig. 3E, lanes 3,4, 7, 8, 11, 12) . Instead, several other bands were observed, suggesting that splicing occurred at cryptic 5 ′ splice sites (Fig. 3E, lanes 3,4,7,8,11,12) . Although the BPS mutation barely affected splicing efficiency compared to WT (Fig. 3E, lanes 1,5) , the yeast BPS seemed to be relatively resistant to splicing inhibition by SSA, because a reduced amount of the unspliced form compared to WT was observed in the presence of SSA (Fig. 3E , lanes 2,10) due to strong binding between U2 snRNA and the yeast BPS. Taken together, these results indicate that splicing efficiency in the presence of SSA is affected by the strength of the BPS, which is consistent with the findings of a previous study (Corrionero et al. 2011) .
Next, we investigated the levels of proteins produced from pre-mRNAs that leaked into the cytoplasm. Since translation occurs in the cytoplasm, levels of proteins translated from pre-mRNAs should reflect pre-mRNA leakage level. We ′ splice site (5 ′ ss MAXENT), and 3 ′ splice site (3 ′ ss MAXENT). All introns of human RefGenes, nuclear-retained pre-mRNAs that contain introns in the Nuc category in Figure 1E , and leaked pre-mRNAs that contain introns in the Cyto category in Figure 1E were analyzed. (D) Schematic representation of CDKN1B-derived reporters. Each box shows an exon and a line shows an intron. (E) HEK293T cells were transfected with the reporter plasmids, then treated with SSA (100 ng mL −1 , 6 h). RNA samples were purified from the cells. RT-PCR analysis was performed for detecting the spliced and unspliced forms of the reporter constructs. Open triangle and filled triangle indicate spliced mRNA and pre-mRNA, respectively. (F ) HEK293T cells were transfected with the reporter plasmids and then treated with SSA (100 ng mL −1 , 6 h). Total cell extracts were analyzed by immunoblotting. The antibodies used are indicated to the right of the respective blots.
Leaked pre-mRNAs following SSA treatment www.rnajournal.org 51 transfected HEK293T cells with the reporter plasmids and treated them with 100 ng mL −1 of SSA for 6 h. In cells transfected with the WT plasmid, only the Myc-tagged protein, which is translated from spliced mRNA, was observed in the absence of SSA (Fig. 3F, lane 1) . Following SSA treatment, however, the HA-tagged protein translated from pre-mRNA was also detected, indicating that SSA treatment causes the leakage of pre-mRNA in addition to splicing inhibition (Fig. 3F, lane 2) . After transfection with the 5 ′ SS mut plasmid, Myc-tagged protein became undetectable, confirming that normal splicing was inhibited by the 5 ′ splice site mutation (Fig. 3F, lane 3) , although alternative splicing events using cryptic 5 ′ splice sites occurred to some extent (Fig.  3E) . SSA treatment greatly increased the amount of HAtagged protein translated from the 5 ′ SS mut reporter (Fig.  3F, lanes 3,4) , suggesting that SSA allows efficient leakage of pre-mRNA carrying the 5 ′ splice site mutation. The amount of HA-tagged protein measured was much larger than that from the WT reporter in the presence of SSA (Fig. 3F, lanes 2,4) although the pre-mRNA levels were almost the same (Fig. 3E,F, lanes 2,4) , which supports the involvement of the 5 ′ splice site in the nuclear retention of pre-mRNA.
In cells transfected with the BPS mutant plasmid, the abundance of pre-mRNA and of HA-tagged protein was greatly increased compared to the WT plasmid-transfected cells in the presence of SSA (Fig. 3E,F, lanes 2,6) . In contrast, a smaller amount of HA-tagged protein was produced from the yeast BPS plasmid compared to the WT plasmid upon SSA treatment, consistent with less effective inhibition of splicing by SSA (Fig. 3E,F, lanes 2,10) . Given the correlation between the amount of pre-mRNA and the amount of HAtagged protein, these results suggest that the strength of the BPS mainly affects splicing efficiency, which has an impact on the abundance of HA-tagged protein. In the presence of the 5 ′ splice site mutation together with the yeast BPS, however, much less HA-tagged protein was produced than in the presence of just the 5 ′ splice site mutation, even though the pre-mRNA levels were almost identical (Fig. 3E,F , lane 3 vs. lane 11 and lane 4 vs. lane 12). This result suggests that BPS affects pre-mRNA leakage in some particular contexts. Taken together, the 5 ′ splice site seems to play a major role in pre-mRNA retention.
Short transcripts are prone to leak from the nucleus
To further characterize pre-mRNAs that leaked into the cytoplasm in the presence of SSA, we statistically compared the transcript length, intron length, and exon number of leaked pre-mRNAs as well as nuclear retained pre-mRNAs (Fig.  4A-C) . The average transcript length of leaked pre-mRNAs is significantly shorter than that of nuclear retained premRNAs, suggesting that shorter transcripts tend to leak from the nucleus (Fig. 4A) . The average length of accumulated introns in the presence of SSA was significantly shorter than that of RefGene (Fig. 4B) . However, the intron length did not significantly affect pre-mRNA leakage (Fig. 4B) . Furthermore, we found that transcripts with a smaller number of exons are more likely to be exported from the nucleus (Fig. 4C) . Since gene length is usually reflected by the exon number, these results collectively suggest that short premRNAs tend to leak from the nucleus.
Next, we tested whether relatively abundant pre-mRNAs leak from the nucleus. To this end, we calculated the reads per kilobase of exon per million mapped sequence reads (RPKM) that reflect abundance of pre-mRNAs. We found no significant difference in the RPKM values between leaked and nuclear retained pre-mRNAs (Fig. 4D) , suggesting that the abundance of pre-mRNA does not affect the leakage of pre-mRNA. Taken together, the length of pre-mRNA is involved in the pre-mRNA leakage induced by SSA. Gene-specific anchoring of pre-mRNA to the chromatin region To understand the molecular mechanisms underlying the leakage of pre-mRNA, we further separated the nuclear fraction into nucleoplasm and chromatin-bound fraction and analyzed the distribution of pre-mRNAs in those fractions. Successful fractionation was verified by detecting histone H3K9Ac, IBP160, and GAPDH as chromatin, nucleoplasmic, and cytoplasmic markers, respectively (Fig. 5A) . Without SSA treatment, pre-mRNAs were mainly observed in the chromatin fraction, presumably because most pre-mRNAs are subjected to cotranscriptional splicing, in which introns are excised before the pre-mRNA dissociates from chromatin (Fig. 5B,C) . Following SSA treatment, DUSP1 and NFKBIA pre-mRNAs, which leaked from the nucleus, were observed in all three fractions, confirming that premRNAs detected in the cytoplasm were released from chromatin (Figs. 2B, 5B) . In contrast, E2F2 and RFC3 premRNAs, which had been detected only in the nucleus (Fig. 2D) , were also present only in the chromatin fraction but not in the nucleoplasm of cells treated with SSA, which suggests that nuclear-retained pre-mRNAs are tethered by chromatin (Fig. 5C ). Essentially the same results were obtained by semiquantitative analysis using qRT-PCR (Fig. 5D ). These results demonstrate that relatively long pre-mRNAs that are bound to chromatin during splicing are resistant to SSA-induced leakage into the cytoplasm.
DISCUSSION
Nuclear retention of pre-mRNA is one of the key mechanisms for ensuring the integrity of gene expression, because the export and/or leakage of pre-mRNA, which is followed by its translation in the cytoplasm, results in the production of nonfunctional and deleterious proteins. Such proteins may cause cell death or several pathogenic alterations, including cancer (Eskens et al. 2013) . It is therefore important to understand the molecular mechanisms underlying the nuclear retention of pre-mRNA. In this study, we performed global sequence analysis and found that intron retention is the primary consequence of splicing inhibition by SSA. This conclusion is also supported by our reanalysis of the RNA-seq data presented in a recent report by Kfir et al. (2015) , which showed that SF3B1 knockdown causes intron retention most frequently (Supplemental Fig.  S2 ). Although the accumulation of a large number of premRNA species was triggered by SSA treatment, only a small subset of pre-mRNAs, including CDKN1B and NFKBIA, leaked specifically into the cytoplasm upon SSA treatment. Therefore, the pre-mRNAs that leaked into the cytoplasm following SSA treatment appear to have specific structural or functional features to bypass the nuclear retention FIGURE 5. Nuclear-retained pre-mRNAs are localized in the chromatin fraction. (A) Validation of cellular fractionation into chromatin, nucleoplasm, and cytoplasmic fractions. H3K9Ac, IBP160, and GAPDH were used as markers for chromatin, nucleoplasm, and cytoplasmic fractionation, respectively. (B,C ) HeLa cells were treated with SSA (100 ng mL −1 , 6 h) before they were disrupted and separated into chromatin, nucleoplasmic, and cytoplasmic fractions. RNA samples were purified from the fractions. RT-PCR analysis was performed using RNA samples to detect the spliced and unspliced forms of the leaked pre-mRNA (B) and nuclear retained pre-mRNA (C). Open triangles indicate the spliced mRNA, while the filled triangles indicate the pre-mRNA. Asterisk indicates a nonspecific band. (D) The amount of pre-mRNA in the three fractions from control and SSA-treated cells was measured by quantitative RT-PCR using the same sample as B and C.
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We found that the majority of pre-mRNAs were retained in the nucleus even in the presence of SSA that binds and inhibits SF3b, the subcomplex that recognizes the BPS. A series of assays using the reporter plasmids and the statistical analysis in this study revealed that the BPS influences splicing efficiency, but its role in the nuclear retention of pre-mRNA is marginal, which is consistent with a previous report showing that U2 snRNA and SF3b155, components of U2 snRNP, are not required for pre-mRNA nuclear retention in mammals (Takemura et al. 2011 ). However, mutations in the BPS and even its deletion caused elevated pre-mRNA leakage in yeast (Legrain and Rosbash 1989; Rain and Legrain 1997) . It seems possible that the yeast BPSs are well conserved and can bind tightly to U2 snRNA, whereas mammalian BPSs are more diverse in their sequence, and their ability to bind to U2 snRNA is not as strong. Consistent with this, we also showed that replacement of the BPS in the plasmids containing the 5 ′ splice site mutation with yeast BPS inhibited premRNA leakage (Fig. 3) . Therefore, the mammalian BPS and U2 snRNP may not play a critical role in nuclear retention. These observations suggest that the BPS is not the primary factor in determining SSA-induced pre-mRNA leakage, although the strength of the BPS appears to correlate with the amount of leaked pre-mRNA. It seems likely that modulating splicing efficiency by changing BPS activity affects the level of pre-mRNA leakage in mammals. However, we cannot rule out the possibility that the strength of the BPS regulates pre-mRNA leakage in some specific context, so careful investigations should be carried out to understand the effect of BPS on pre-mRNA leakage in mammals.
Nuclear-retained pre-mRNAs accumulated in the presence of SSA were significantly longer in size than leaked pre-mRNAs (Fig. 4) . This observation suggests that short pre-mRNAs can escape the nuclear retention machinery more efficiently. However, it seems possible that the reduced abundance of long pre-mRNAs in the cytoplasm is due to rapid degradation of long pre-mRNAs by NMD in the cytoplasm because long pre-mRNAs are more likely to harbor PTCs that trigger NMD (Kurosaki and Maquat 2016) . In fact, most of the accumulated introns were located within the coding region (517 introns out of 539 in the nuclear-retained fraction, and 70 introns out of 87 in the leaked fraction). Such introns have the potential to generate PTCs. To test this possibility, we treated HeLa cells with cycloheximide (CHX), an NMD inhibitor, together with SSA, and subsequently compared pre-mRNA levels between CHX-treated and control cells. E2F2 and RFC3 pre-mRNAs, which were detected only in the nucleus (Fig. 2) , were not up-regulated after NMD inhibition by CHX (Supplemental Fig. S3 ), although SNHG1, a well-known NMD target (Tycowski et al. 1996) , was up-regulated following NMD inhibition (Supplemental Fig. S3 ). These results suggest that the tendency of short pre-mRNAs to leak from the nucleus is not due to NMD-mediated cytoplasmic degradation of long premRNAs such as E2F2 and RFC3.
The nuclear-retained pre-mRNAs were detected mainly in the chromatin fraction (Fig. 5) , suggesting that unknown nuclear retention factor(s) associated with chromatin tethers pre-mRNAs in the nucleus. Because U1 snRNP and U2AF65, which prevent pre-mRNA leakage from the nucleus (Takemura et al. 2011) , can recognize pre-mRNA cotranscriptionally at the chromatin region (Bentley 2014) , these proteins are potential candidates for nuclear retention factors that impede the SSA-induced nuclear export of pre-mRNAs. Long transcripts tend to have more introns, meaning that the transcripts have more 5
′ splice sites and polypyrimidine tracts, which form binding sites for U1 snRNP and U2AF65, respectively. Even after splicing inhibition by SSA treatment, U1 snRNP and U2AF65 continued to bind to pre-mRNA (Roybal and Jurica 2010; Corrionero et al. 2011) . Furthermore, the 5 ′ splice site was reported to be important for nuclear retention in both yeast and mammals ( Fig. 3 ; Legrain and Rosbash 1989; Rain and Legrain 1997) . These observations support the idea that these factors are responsible for nuclear retention of long pre-mRNAs. Consistent with this, short transcripts usually have a smaller number of 5 ′ splice sites and polypyrimidine tracts, which may allow short transcripts to escape from the nuclear retention machinery. Indeed, we found that pre-mRNAs that leaked into the cytoplasm are relatively short and contain a smaller number of exons, further supporting a correlation between the pre-mRNA length and their nuclear retention. However, it is also possible that factors other than U1 snRNP and U2AF65 are involved in nuclear retention. Therefore, it is necessary to determine the role of U1 snRNP and U2AF65 in pre-mRNA nuclear retention following SSA treatment and to explore other factors such as chromatin-associated proteins for nuclear retention in future studies.
It has been reported that some of the splicing inhibitors that target SF3b show strong antitumor activity with low toxicity (Mizui et al. 2004; Sakai et al. 2004a,b; Sato et al. 2014 ). Hence, a derivative of the splicing inhibitor pladienolide B has been studied clinically (Eskens et al. 2013) . However, it is highly probable that general splicing inhibition will cause severe toxicity. The mechanism of how SF3b inhibitors induce selective killing of cancer cells is still an open question. The selective leakage and translation of pre-mRNAs may be one such mechanism for the selective antitumor activity of SSA and pladienolide derivatives because only a small subset of pre-mRNAs are exported to the cytoplasm, where some functional proteins may be translated. Indeed, p27
* , a stable and active form of the CDK inhibitor p27, was translated from CDKN1B pre-mRNA, which was shown to be responsible for arresting the cell cycle following SSA treatment (Kaida et al. 2007 ). However, the accumulation of an active isoform such as p27 * may be an exceptional case, as most pre-mRNA translation generates short truncated proteins due to the presence of termination codons in intron sequences. Such truncated proteins should be inactive or may even inhibit the native protein by serving as dominant negative forms. It is also possible that such truncated proteins gain novel activity to regulate oncogenic signals in cancer cells. Another possible mechanism would be gene-specific down-regulation of gene expression. VEGFA, which is important for angiogenesis, is a candidate for such down-regulation (Furumai et al. 2010) . SSA treatment down-regulates VEGFA expression and inhibits angiogenesis (Furumai et al. 2010) . SSA treatment causes defective recruitment of RNA polymerase II to the VEGFA gene (Furumai et al. 2010) and also causes inhibition of transcription elongation in a gene-specific manner (Koga et al. 2014 (Koga et al. , 2015 . In addition, some genes important for cell-cycle progression, including those that encode cyclin A2 and the Aurora kinases, are also down-regulated in SSA-treated cells (Corrionero et al. 2011) . Further studies focusing on the dynamics and function of pre-mRNA accumulated in the SSA-treated cells should be conducted to identify the mechanism that underlies the selective killing of cancer cells.
MATERIALS AND METHODS
Cell culture and transfection
HeLa S3 cell culture was performed as previously described (Kaida et al. 2007 ). Lipofectamine2000 (Life Technologies) was used for transfection according to the manufacturer's protocol.
Northern blotting analysis
RNA samples were separated by denaturing polyacrylamide gel electrophoresis (PAGE) before being transferred to Hybond N+ membranes (GE Healthcare).
32
P-labeled RNA probes were transcribed using the mirVana miRNA Probe Construction Kit (Life Technologies). The probe for U6 snRNA was previously described (Yoshimoto et al. 2009 ). The sequence of the 5.8S probe was GGACACATTGATCATCGACACTTCGTTTTCCTGTCTC. Hybridization with oligonucleotide RNA probes was performed in PERFECTHYB PLUS (Sigma-Aldrich) as previously described (Yoshimoto et al. 2009 ).
RNA-seq library preparation
The RNA-seq library was prepared as previously reported (Kawaji et al. 2014) . HeLa cells were harvested, and nuclear and cytoplasmic RNAs were extracted from them using PARIS kits (Life Technologies). Five micrograms of purified RNA were treated with the RiboZero rRNA removal kit (Human, Mouse, Rat) (Epicentre) to eliminate rRNA. Following rRNA depletion, an RNA-seq library was prepared with the RNA-seq library preparation method starting from the RNA fragmentation step. The library was sequenced on the HiSeq2000 (Illumina) platform. Sequence reads were deposited on NCBI under accession number GSE72156.
Data analysis
The sequence reads we obtained were filtered using TagDust (Lassmann et al. 2009 ) before they were mapped to the human hg19 genome using Tophat2 (Kim et al. 2013) . The statistics of eliminating artifacts and mapping are shown in Supplemental Table S2 . Transcript assembly based on mapped sequence reads was performed using Cufflinks (Trapnell et al. 2012) . Alternative splicing isoforms were analyzed by rMATS (Shen et al. 2014 ) using Cufflink GTF files as input. Significant splicing events were defined if the shown false discovery rate (FDR) was less than 0.05. Splice site strength was calculated using MAXENT (Yeo and Burge 2004) . The BP score was calculated using SVM-BP (Corvelo et al. 2010) . Only the best SVM-scored branch point that resided in the last 100-nt window of the intron was used for further calculation. The strength of BPS was also calculated using experimentally verified branch point data sets (Mercer et al. 2015) and the RNAcofold program of Vienna RNA package (Lorenz et al. 2011) . Intronic RPKM (reads per kilobase of intron per million mapped sequence reads) values were calculated using the RSeQC package (Khan et al. 2014) . Data visualization was performed using the R/Bioconductor package (http://www.bioconductor.org). For statistical analysis, a Wilcoxon rank sum test was used to calculate a P-value.
RT-PCR analysis
Extracted RNAs were reverse transcribed using a PrimeScript Reverse Transcriptase kit (Takara). Obtained cDNAs were amplified using Ex Taq PCR enzyme (Takara) for 23-30 cycles and analyzed using either a 2.5% agarose gel or an 8% polyacrylamide gel.
Primers used for RT-PCR were as follows:
DUSP1: TGCAGTACCCCACTCTACGA (fwd), GAGACGTTGATCAAGGCAGTG (rev) ID2:
TGTCAAATGACAGCAAAGCAC (fwd), GTTGTTGTTGTGCAAAGAATAAAAG (rev) NFKBIA: TCCTCAACTTCCAGAACAACC (fwd), TCAGCAATTTCTGGCTGGT (rev) E2F2:
GCGCATCTATGACATCACCA (fwd), TCAAACATTCCCCTGCCTA (rev) MSL3:
TGATCCATTTTAATGGTTGGAA (fwd), CATCGGTATCACGAAGCACA (rev) RFC3:
AGTAGGTGCTTGGCGGTTC (fwd), CACAGTAGATAACACGTGGCAAA (rev) GAPDH: AGCCACATCGCTCAGACAC (fwd), GCCCAATACGACCAAATCC (rev) MBNL1: TGCCACAAGTGTTCCCTTC (fwd), TGTTCGGCAGATATTATGGGTA (rev)
Primers specific for pre-mRNAs are as follows:
DUSP1-pre: TGCAGTACCCCACTCTACGA (fwd), CTATATTCTCCCTGGCACTACTC (rev) NFKBIA-pre: TCCTCAACTTCCAGAACAACC (fwd), GGATCTGGGGTGACTCTGC (rev) E2F2-pre:
GCGCATCTATGACATCACCA (fwd), CCACTGGCCGCCCAGGCA (rev) RFC3-pre:
AGTAGGTGCTTGGCGGTTC (fwd), TACAATATTCAGAGAATCTGAACTG (rev)
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